
n 

COPY 
b 

R M  E51B12 

RESEARCH MEMORANDUM 

NACA INVESTIGATIONS O F  ICING-PROTECTION  SYSTEMS FOR 

TURBOJET-ENGINE  INSTALLATIONS 
!, 4 .,! . .  ." .. . /- 

By Uwe von Glahn, Edmund E. Callaghan,  and  Vernon H. Gray ' 4 

Lewis  Flight Propulsion Laboratory 

NATIONAL ADVISORY COMMITTEE 
FOR AERONAUTICS 



i 

.- ..... 

4 TABLE OF CONTEMTS Page 

E X P E R I M E N T A L   T E C H N I Q U E S  . . . . . . . . . . .  3 
Flight . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3 
Altitge wind tunnel . . . . . . . . . . . . . . . . . . . . .  a 
Icing  research  tunnel . . . . . . . . . . . . . . . . . . . .  4 

I C I N G   C H A R A C T E ' R I S T I C S  O F  T U R B O J E T -  
. E N G I N E   I N S T A L L A T I O W S  . . . . . . . . . . . . .  4 

General  Considerations . . . . . . . . . . . . . . . . . . . .  4 
Meteorological  factors . . . . . . . . . . . . . . . . .  4 
Geometric.and  aerodynamic  factors . . . . . . . . . . . .  5 

Typical  Icing  of  Components . . . . . . . . . . . . . . . . .  6 
Compressor-inlet  screen . . . . . . . . . . . . . . . . .  6 
Inlet pide vages . . . . . . . . . . . . . . . . . . . . .  6 
Inlet lips, accessory housbg, and islands . . . . . . . . .  7 
Compressor  blading . . . . . . . . . . . . . . . . . . .  7 

i 
E F F E C T  O F  I C I N G  O N  T U R B O J E T - E N G I N E  = 

P E R F O R M A N C E  . . . . . . . . . . . . . . . . . . . . .  7 

Effect of icing  on  axial-flow  type  turbo  jet-engine  performance 8 
Effect  of  icing on centrifugal-flaw-type  turbojet-engine 
performance . . . . . . . . . . . . . . . . . . . . . . . .  9 

Damage caused by ice . . . . . . . . . . . . . . . . . . . . .  10 

. . . . . . . . . . . .  d Pressure  losses  associated  with ichg 8 

I C I N G - P R O T E C T I O N   M E T H O D S  . . . . . . . . . .  10 
SUFPACXBEATING . . . . . . . . . . . . . . . . . . . . . . .  10 

General  Considerations . . . . . . . . . . . . . . . . . .  10 
Heating  Requirements  for  Inlet G u i d e  Vanes . . . . . . .  13 

Gas heating of vanes . . . . . . . . . . . . . . . .  13 
Continuous  electrical  heat- of vanes . . . . . . . .  15 
Cycllcal  electric  de-icing of vanes . . . . . . . .  16 
Eddy-current  heating  of vanes . . .  . . . . . . .  17 

EW-GAS-BLEEDBACK Sym . . . .  . . . . . .  . . . . . . .  17 
Heating reqgLrements . . . . . . . . . . . . . . . . . .  19 
Calculation  of  bleedback  as  function of gas temperatwe . 19 
Orifice  configuration  and  temperature  distribution . . .  20 
Pressure  losses  associated  with  bleedback  system . . . .  20 
Effect of bleedback on engine.performance . . . . . . . .  21 



INEKIIIA-SFPARATION INLETS . . . . . . . . . . . . . . . . . . 22 
Alternate-Duct  System . . . . . . . . . . . . . . . . . . 22 
Submerged-Inlet  System . . . . . . . . . . . . . . . . . 23 

S U M M A R Y  O F  R E S U L - T S . . . . . . . . . . . . . . . . .  24 
Surface Heating . . . . . . . . . . , . . . . . . . . . . . . 24 
Hot-Gas Bleedback . . . . . . . . . . . . . . .- . .. . . . . . 25 
Inertia-Separation  Inlets . . . . . . . . . ... . . . . . . . . . - 25 

C O N C L U D - I N G  R E M A R K S  A N D  
R E C O M M E W I I A T I O N S . .  . . . . . . . . . . . . . . . . .  25 

A P P E N D I X - S Y M - B O L S  . . . . . . . . . . . . . . . . . . .  28 
. .  

R E F E R E N C E S . .  . . . . . . . . . . . . . . - .  . . . . . . . . 29 



2 
c 

NATIONAL  ADVISORY COMMITTEE FOR AW0"I'ICS 

RESEARCH "3- 

W A  INVESTIGATIONS OF ICINGPROTECTION SYSTEMS FOR 

TURBOJEC-ENGIIE I N S T W I O N S  

By Uwe von Glahn , Edmuna E. Calla- , and Vernon E. Gray 

S U M M A R Y  

Investigations-  have  been  made in flight and in wind  tunnels to 
determine  which  components  of  turbojet  installations  are  most  critical 
in  icing  conditions, and to  evaluate'several  methods of icing protec- 
tion. From these  studies,  the  requirements  necessary  for  adequate <- 

icing  protection  and %he consequent  penalties on engine  performance 
can  be  estimated. 

Because  investigations  have  indicat.ed that the  compressor-inlet 
screen  constitutes the greatest  icing  hazard and is  difficult  to  pro- 
tect,  complete removal or retraction of the  screen  upon  encountering 
an ichg condition  is reemmended. In the  absence  of  the  screen,  the 
inlet  guide nnes. of an axlal-flow-type  turbojet  engine  constitute the 
greatest  danger to engine  operation in an icing  canditionj a centrifugal- 
type  engine, on the other hand,  is  relatively  unsusceptible  to  icing 
once  the  screen has been  removed. 

Of the three  icing-protection sys%ems investigated,  surface  heat- 
ing,  hot-gas  bleeaback, and inertia-separation  inlets,  only  the  first 
t w o  offer an acceptable  solution to the problem of engine  icing pro- 
tection.  Surface  heating,  either by gas heating  or  electrical m e a n s ,  
appears  to be the  most  acceptable  icing-protection  method with regara 
to  performance  losses. Hot.-gas bleedback,  although  causing  undesirable 
thrust losses, offers an easy means of obtaining  icing  protection for 
some installations.  The f ha1 choice of a n '  icing-protection system 
depends,  however, on the supply of heated gas and electrical  power 
available and on  the  allowable  performance and weight  penalties . 
associated  with  each  system. 

I N T R O D U C T I O N  

The  development of high-pkrformance turbo j e t  engines  and the 
advent of all-weather  turbojet-propelled akcraft have  necessitated 
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extensive  research programs t o  determine methods f o r  icing protection 
of the various components. Df such engine installattons.. Rot only.  is 
the inlet ducting & . a  turbojet-engine  installation  subject t o  icing, 
but, more important, the internal.  elementa'such as the compressor- 
inlet screen,  the M e t  guide vanes., and the~campressm  blading  are 3 N 

also subject f;9 icing.  Ice  formations on the internal elements 
seriously  affect me qperation..&d the p e r f ~ n c ~ " ~ a c t ~ i s t ~ c s  of 
a turbodet  engine. The ice f o w t i o n s  on the screen and the   in le t  guide 
vanes reduce the compressor-inlet wea  increase  the  pressure lossea. - 

In  addition,  ice farmatLon6 ,on -me. ccrmpresse bladbgniay decreaee the 
compressar efficiency and thus -further reduce the presswe  ayailable fn 
the engine. The oV&-aU pressure-.and ds-s - f low losses of the  entire . 
turbo j et-engine installation .markedly decrease the propulE ive thrust, 
particularly  at  high slight Mach nimbera (refer&$ 1). .. . Ser-ious icFng_ 
of a turbojet-engine  installation may render the engine inoperative in 
a matter of minutes !. . . . _ _  .. 

". - 
0 

. - . .  

- . . - .  . .  

.. . 

.. - - - . _  ."" 

. .  

". - . . . . . ." .. " 

The scope of NACA turboJet-engine  icing  inveetigations t o  date has 
been threefold:. (1) t o  st*. the  effect of icing on turbo jet-engine 
performance, (2)  t o  evaluate  the  feasibility.and  .the  practicabllitg of 
several methods f o r  protectlng  turbojet engines from icing, and (3) to 
determine the  effects of these,.iCe-protection methods on engine per- 
formance under both dry and icing candi-bions. The: investigations were 
carried out at  the DACA L e w i s  laboratory  in  natural-flight  icing con- 
ditions and under simulated  icing conditions ]usFng a water-spray system 
i n  the  al-titude w i n @  tunnel and the icing  research- ted.  

- - .  - -  - - . . . "  . . " ." . - _  

The icing  investigations Fn natural-fl;ght icing condttions were 
confined to the  determination & the  effect  of icing on turbojet-engine 
performance. Investigations . in  the  alt i$& w i n d  tunnel included the 
three phases of icing avestigations.previous1y mentioned. Studies fn 
the icing research tunriel were primarily concerned with .several methods 
of ice  protection far turbojet-errgine inlets .ad an evaluktion of the 
effects of these methods .on - .  engine perfarmance.' . .  

Y 

- .  * 

-. . -. 

Three basic . m o d s .  have been advanced for the icing protection 
of turbojet engines : 

. .  
. .  - - +  .. . ". 

. .  . .  - . . " 

(1) Local heatin@; of surfaces 6UbjeCt t o  icing ( f ig .  1). sur- 
.. . . 

face  heating may be accomplished by {a) passing heated gases through 
passages within . m e  -.component ya~"s, (b) sternal or  external e l e c t r i d  * 
heating pads or f FLms, and ( c )  electr ical  eddy curkents- induced by a 
pulsating =wetic f ie ld  in. the .elements. t_o."P_e_. pxjtectea.  . . . . - 

. .  . -  .. 
. - .  

(2)  Addition of heat t o  the  entire mass, of a i r  passing through 1 

the inlet (fig.  2.) , which rafses t he .  inlet-air temperature above 
- 

" 

. I  . .  . 

1 
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freezing. By injecting  hot gas i n to  t h e   a i r  
engine and most  components in the in l e t  duct 
tection in  one operation. 

I 

J 

stream at  the inlet, the 
are afforded  icing pro- 

-I 

D (3) Inertia separation of supercooled  water droplets out of the 
engine-inlet air stream by special inlet and duct  design (f ig .  3). The 
duct  design  consists of a single inlet .opening followed by a main duct 
f o r  nonicing  operation and an alternate duct  with  sharply curved pas- 
sages through which air, with a greatly reduced  water content in  as 
icing  condition, can pass t o  the  carpressor inlet. 

A suuuuary based on the  collective  results of a l l  NACA investiga- 
t ions t o  date on turbojet-engine  ice  protection is presented  herein. 

E X P E R I M E N T A L  T E C H N I Q U E S  

Icing  insrestigations of turbojet engines and inlets were conducted 
at the NACA Lewis  laboratory in the  followFng three phases: .. 

Flight. - Two flight  investigations -of the  effect  of icing on 
turbojet  engines w e r e  conducted, one using a c e n t r ~ - f l o w - t y e  

fl ight  investigation (unpublished), a centrifugal-flow-type  turbojet 
. engine with a static-thrust   rating of 1600 pounds a t  sea  level and a 

double-entry in le t  was installed in the waist compartment of a k g e  
four-engine baniber-type aircraf t   ( f ig .  4) .  A n  air  in le t  for the 
turbojet engine was installed on top of the  fuselage and the exhaust 
gases were expelled from the ta i l  portion of the  a i rcraf t .  The turbo- 
j e t  engine was instrumented t o  provide data for determining specific 
fuel  consumption, turbine-outlet  temperatures, and air flow. The inves- 
t igation was conducted in flight under mild natural  icing  conditions; 
consequently, the  liquid-water  content. of t he   a i r  was augmented by 
means of a battery of spray  nozzles  loc8ted ahead of the engine air 
scoop atop  the  fuselage. 

.. engine and the  other usiq@;.an axial-fluw-type  engine. In the first 

In the second flight  investigation  (references 2-  t o  4) ,  an axial- 
flow-type e w e  of approximately 3000-pound rated  sea-level  static 
thrust  was studied. The engine was mounted below the wing of a large 
fmm-engine bde r - type   a i r c ra f t   ( f i g .  5) and was instrumented t o  
determine the  effects of icing on engine performance. During the 
inves t ie t ion ,  no compressor-inlet  screen was used. Photographs of 
engine icing in flight were obtained  with a camera so  located. that it 
could.be swung into  position to obtain  pictures of the engine inlets. 
All investigations  with  this  installation were conducted in natural 
flight  icing  conditions. The a i rc raf t  was also provided  with equipment 
t o  evaluate  the  meteorological  canditions  prevailing  throughout  the 
flights. .. 
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Altitude w i n d  tunnel. - A n  axial-flow-type eng-e B i m i L a r  t o  that 

used in the second fl ight  inveatQation was mounted in  a.wFng nacelle 
in the  teat  section of the  altitude wind tunnel (reference 5). Thie 
eng- was f i t t e d  v i t h  an experbental hot-gae bleedback ice-protection 
system, The. engine was instrumented t o  provide data for evaluating  the 
performance of the engine and the hot-gas  bleedback system in icing 
conditions. The investigations were conducted a t  various pressure 
al t i tudes up t o  20,000 f ee t  in simulated-icing  conditions us- s p y  
nozzles. 

IcinR research  tunnel. - Various ice-protection methods  were eval- 
uated i n  the 6- by 9-foot tes t   sect ion of the  icing  research tunnel 
with  scaled  research mockups of turbojet-engine-Fnlet components. 
Icing  conditions  with air temperatures. as.lm.as -30' F yere obtained a t  
a i r  speeds up t o  300 miles per hour and press~e"a3-ti-t;udes-belar 3500 
f ee t .  Cloud droplet .s ize? and Ifquid-Fter.  contents i n .  the  tunnel 
were measured by the  rotating-nmlticylinder methad-and w e r e .  in the 
range of natural icing  conditions. A l l  models  were instrumented t o  
obtain pertinent  pressure and temperature data. 

" 

I C I N G  C H A R A C T E R I S T I C S  O F  

T U R B O J E T - E N G I N E  I ~ Y T A L L A ~ T I O ~ N S  

General Considerations 

All surfaces- of a jet-engine  installatton that are exposed t o  
direct impingement of water droplets may require icing piotection- . 

( f ig .  1). The engine end i n l e t  components that are subject to   ic ing are 
therefore inlet lips,  accessory housing dome, i shnde  d island 
fairings,  campressor-inlet screen, inlet guide vanes, and compressor 
blading. In addition,  other  surfaces may require icing protection, such 
as duct-splitter  plates, openings for boundary-layer bleedoff and 
accessory-cooling purposes, and curved inlet-duct w a l l s  eubject t o  
mingement caused by water separation frcm m e   i n l e t  air stream. 

Meteorological factors. - The p r h c i p a l  meteorological  factore that 
contribute  to..icing  .we  liquid-water  content, .air temperatqe, and 
droplet  size. The rapidity  with which ice  builds up on the  engine c m i -  
ponents and the time  required t o  render the engine inoperative depend 
on the  liquid-water  cantent, . The type 0.f ice  form&tion chat occurs 
depends on the air t q e r a t u r e  and the  droplet size. Generally, the 

. i c e  formations may be  separated .into two categories: (1) doubl-e-peaked 
glaze-ice  formations in mi& W e  outer edges protrude l a t e ra l ly  and 
forward into  the air stream (f ig .  6), and (2)  wedge-shaped rimc-ice 
formations, which build farward from the  impingement area. Glaze i c b g  

a 

." .. 

.. . .. 
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is  usually  associated  with  air  temperatures near freezing and relat ively 

temperatures and s m a l l  droplet  sizes. 
* . i  large  droplet  sizes. Rime icing i s  usually  associated  with low air 

2 
1) The h o w  meteorological  factors conducive t o  aircraft icing are 
2 

arranged i n  several c1assifica;tAons jfn reference.6. The range of pos- 
s ib le  meteorological  factors i n  each classification is  discussed and 
specific values are  recommended for the  analysis of the var ious  air- 
craf t  component s . 

Geometric and aerodynamic factors. - The paths- of droplets  are  pri- 
marily  influenced  by  the flow f i e l d  about a body and the  relative  size 
of the  droplets and the body. Because the flow field is determined  by 
the shape of the body and the  relative motion of t h e   a i r  stream, the 
shape greatly  affects  the  extent of icing. Also, as the   s ize  of the 

- body decreases-relative t o  that of the  droplet,  the loca l  ic ing  ra te  
is increased. 

Icing of a turbojet engine is therefore  affected by the  aerodynamic 
characteristics of the engine installation. The  number of water drop- 
lets  entering  the engine inlet is influenced by the  inlet-velocity r a t i o  
( ra t io  of inlet-air velocity t o  the free-stream velocity), a s  i l lus-  
t ra ted i n  figure 7. The droplets  contained within the  limiting droplet 
trajectories  enter the in le t  whereas all droplets.  outside  the limiting 
trajectories  ei ther imphge on t h e   W e t  body o r  pass azound it. When 
the  inlet-velocity  ratio is less  than 1.0, the  area  contained  within 
the limiting droplet  traJectories is  greater than the  area  within  the 
l i p  stagnation  streamlines; hence the  liquid-water  content in the inlet 
is increased above that in the ambient air (f ig .   7(a)) .  For inlet- 
velocity  ratia  greater  than 1.0, the area within the limiting  trajec- 
tor ies  i s  less  than  the  area  within  the  stagnation  streamlines; hence 
the  liquid-water  content in the  inlet  is decreased below that i n  the 
ambient air (f ig .  7(b)).  Because of the scooping &feet  and the  diver- 
gence of the  streamlines when the  inlet-velocity r a t i o  is l e s s  than 1.0, 
icing on the  inlet-duct W l l s  may be  expected. 

c 

.I 

The temperature-rise  characteristics of each compressor stage and 
the  adiabatic  temperature change caused by f l i gh t  speed influence  the 
distance  into  the engine that .ice  formations occur. Obviously, as the 
temgerature on the engine  surfaces  reaches a p o h t  above the  freezfng 
level, no i ce  will form. 

4 
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Typical Icing of Components + -  
The icing  tolerance of a tcbo;let  eng+e is limited by the com- 

ponent having the  smallest and most closely spaceti el&nts. -A 
compressor-inlet  screen  therefare  constitutes-  the  greatest  icing hazard. 
In the absence of the compressor-inle-t screen, the  inlet  guide vane8 
became the   c r i t i ca l  component.  Fxamples of typical  icing of turbojet- 
engine components a r e .  described in the .  follo-w.&g sections. .. - . . . . - - 

. .. 3 cu 

Compressor-inlet screen. -. Icing of a circumferential compressor- 
inlet  screen  obtained  during the  investigation  reported i n  reference 7 
is  shown in  figure  8(a).  Because the  water-collection  efficiency of 
the  screen  wires was extremely high and because they were closely 
spaced, the  screen was rapidly blocked  with ice. The rapid  blocking of 
the  screen w i l l  qu.ickly  reduce the  efficiency and the  air flow cf m- 
engine t o  such a point that engine operation m y  not continue for a 
sufficient  length o f  t ime-to start an icing-protection system. 

Icing of a wire-mesh compressor-inlet  screen of the  type cammonly 
used in  centrifugal-type  turbojet engines (upublished  data) i s  shown 
in  figure  .8(b). The screen shown in figure  8(b) was located a t   t he  
forwapd entry  to   the campressor -impeller. From .the study. conducted, 
the  rear screen was found t o  be less  susceptible  to  icing because of 
its proximity t o  the warm portions of the combustion-chamber adaptors. 
The water content in t h e   a i r  at the  conq?ressm-inlet.screen was reduced 
by deposition of ice  on the duct walls and the  structural  members of 
the engine. - 

I . .  

I 

Inlet  guide  vanes. -- Icing on in le t  guide vanes occurs on the vane 
leading edges and along t he  concave surface6-.cs. f.m"a6 the   t ra i l ing 
edges, as shown i n  figure 9 .  This photograph was. t e e n  during an i c ing -  
flight  (reference 4) and i l lus t ra tes  a typ ica l   Oze- ice  formation. 
The ice formations shown obstructed a large  portion of the a i r  passage 
t o  the compressor, especially at the upper half of the compressor inlet .  
The nature of the   ice  -Fn figure 9 indicates that ice  has shed from some 
of the vanes and islands. The s h e d d ~ g  of i c e   f o m t i o n s  is  a complex 
function of meteorological  conditions, aerodynamic forces, and vibra- 
t i o n a l  characteristics of the engine installation. 

. . ". 

The extent of blockage of the coqpressor W e t  .by guide-var,e icing- 
is  determined by the spacing of the vanes. Spacing of. the.  guide vanes 
somewhat closer than shown in figure 9 w o u l d  apparently  result  in  bridg-. 
ing of ice between adjacent vanes., occurring first near the root sec- 
tions.  Provision -0p as   lmge a spacing as poss ib l e   w i tha t   ma i r ing  
the aerodynamic  efYicFency of the compressor is therefore  desirable. 
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m e t  l ips ,  accessory housing, and islands. - "pica1 inlet-l ip,  
accessory-housing, and island  icing  (reference 4) is  also s h o w  in fig- 

fo 
w e  9.  Double-peak ice formations  characteristic of glaze ice   are  shown 

P on the inlet l i p s  and the  accessory  housing., k g e  ice formations on 
G the  islands cause  considerable  blocking of the duct area  with consequent 

aerodynamic penalties. All these  ice foxmations may constitute a possi- 
b le  hazard t o  the  enghe if they  shed into  the compressor. 

Compressor bladbg;  - By careful scrutiny of figure 9 , ice can be 
distinguished on the  roots of the first- and second-stage s ta tor  blhdes. 
When th is   f igure  was taken, the engine was in operation;  consequently 
only the stator blades  are shown because the camera used  could  not 
"stop"  the rotor blades. St;ator-blade icing i s  similar t o  that of the 
inlet guide  vanes, although not as severe because the scraping  action 
of the rotor  blades  tends to limit the growth of. the   ice  formations. 

Rotor-blade icing has been  observed but only at reduced  engine 
speeds. Whenever the rotor blades  iced aUring low-engine-speed oper- 
ation, and the speed was subsequently  increased, the ice formations were 
removed. . 

No instance of the  icing,of  centrifugal-flow-type impellers has 
been reported t o  date. . 

E F F E C T  O F  I C I N G  O N  

T U R B O J E T . - E N - G I N E  P E R F O R M A N C E  

As i ce  formations build. up on an unprotected  engine in s t a l l a t ion  
during an icing  condition,  the  pressure  losses  are  increased and resul t  
in a reduced total pressure at the compressor W e t .  For an  engine 
operating wi th ,  a choked e+ust.nozzle,  the a i r  f l o w  t h r o w  the engine 
is reduced  and results in  a reduction in thrust .  For an engine  operat- 
ing  with  an unchoked exhad nozzle, the loss ip total pressure  results 
in a decrease in ELSS flow, but is acccmpanied by an increase in tur- 
bine temperature that   par t ly  offsets  the loss in thrust  caused by the 
reduction in air f low and engine-outlet t o t a l  pressure. The tail-pipe 
temperature, however , r q i n s  essentially  constant and, consequently, 
dependence on tail-pipe temperature rise as a means  of indicating  icing 
is unreliable. 

The pressure  losses due t o  icing cause an increase in the  specific 
fuel consumption. . 

L 
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Pressure lossed: associated  with  .icing. - The pressure  losees caused 
by ice  in a direct-ram in l e t  (similar t o  that sham In f ig .  3) used i n  

reference 7 are  sham i n  figure 10. These losses 

were caused by icing of the duct, the accessory housing, the  islands, 
and the screen. (The synibols used in  this  report  are  defined i n  the 
appendix.) The most rapid  losses  during  the initial part of the  icing 
period were caused by the glaze icing obteined at 20° F on a closely 
spaced round-wire screen .and amoynted t d  1.20 for a 4-minute icing 
period. A streamlined-wire s c r e e  with double the spacing -of the rad: 
wire  screen did- not  appreciably  reduce  the  pressure-  losses of the con- - .  

figuration, A d d i t i o n a l  studies of the same in l e t  configuration  without 

a screen  indicated a pressure loss (,?) - re) in   the order of 
U 

0.18 f o r  a 5-minute icing period a t  an a i r  temp-mature of loo F. The 
pressure  losses shown i n  figure 10 therefare may be  considered primmily 
caused by screen  icing. The pressure loss eter 3 minutes. of. icing may 
resul t   in  a thrust .lass as high &a 30 percent. . 

The pressure losses causedby  compressar-inlet-screen  iclng  are 
prohibitive, and therefore  retraction of the  screen i s  desirable. If 
the  screen i s  retracted,  the  inlet-guide-vane  icing  constitutes  the 
principal soqrce of pressure loss i n  an engine installation. 

Pressure losses across an inlet-guide-vane cascade I n  icing condi- 

t :- 

" 

tions  are  reported i n  reference 8. The pressure lose (-) a s  a 
i 

function of icing time is  shown in  f igure 3 l  for  various conibinations of 
icing  conditions ahead of themmes.  Prior t o  icing, vane pressure 
losses from Oi04 t o  0.08 were obtained, whereas -after 3 minutes in   ic ing 
conditions  the  pressure  losees mounted as high as 0.54 or a thrust  loss 
of approximately 15 percent for a la rge   j e t  engine. The  most serious 
conditians were encountered st an inlet-air  total temperature of 22O F 
and a water c o n t e n k d  0.9 gram per cubic meter. The severe losses a t  
t h i s  tearperatwe  resulted from the  characteristic  glaze-ice formatian 
sham in  f igure 12(a). Heavy ice  for&tions  accreted.bokh on the vane 
leading edges and c~ll the  trailing-edge  portion of the concave surfaces. 
Typical rime ic ing   a t  an a i r  temperature of Oo F i s  sham i n  fig- 
ure 12(b). The pressure losses resulting from this type of ice farma- 
t i on   ( a i r  t o t a l  temperature, Oo F) were considerably less than fram 
g l m e  ic- (e t o t a l  teqperatwe, 2Z0 F), a8 sham i n  figure 11. . .  " " 

" 

" 

. 
Effect of icing on axial-flow-type  turbojet-engine perfozmmce. - 

The resul ts  of studies of icing effects on axial-flow-type engine 
1 
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i performance a re  shown in  figures 13 t o  15. In natural flight icing con- 
ditions (fig. 13) with  an  axial-flow-type engine operating at 92 percent 
of rated engine speed, the engine thrust  loss w&s 26 percent with an 
attendant 160° F tail-pipe-temperature  rise  after an effective  duration 
of approximately 30 minutes in icing  (reference 4). During the time 
shown by the  dotted  portion of the curve, the  icing was too  intermittent 
and light f o r  re l iable  measurements and the  ewine was stopped t o  con- ' 

serve  fuel. A photograph of the engine ice formations that caused the 
26-percent loss in thrust is shown in figure 14. The compressor inlet 
i s  considerably blocked by large  ice  formations Bhed from the  islands. 
Ln addition,  ice can be plainly seen on the   inlet  guide vanes. The 
increase i n  thrust  near the end of the run was caused by the breakup 
and subsequ-t passing  through the en@;lne of some of the  large  ice 
formations on the  islands. Data presented in reference 4 indicate that 
t h e   i n i t i a l   r a t e  of thrust  loss may be as high  as.14  percent  within 
Z& m u t e s  of encounterag an icing  condition of moderate severity. 

After an initial rapid  thrust Loss, the   ra te  at which the  thrust  is 
decreased may be reduced if the  ice  formations become dislodged  or 

2 

1 break off. 

The effect of pressure  losses in  an icing  condition on specific 

engine-air-flow  reduction  (reference 5) .  The data indicate  that  the 
percentage thrust loss and the  percentage  increase  specific  fuel 
consumption as  functions of a i r  flow are substantially independent of 
engine  speed and altitude.  Figure 15 indicates that f o r  an  air-flow 
reduction of 18 percent,  the thrust. was decreased by 20 percent and the 
specific fuel consumption wa.8 increased by 31 percent. The turbojet 
engine  used in  reference 5 was rendered  inoperative when t h e   a i r  flow 
was reduced by 28 percent. 

* fuel  consumption and thrust  is shown in  f igure 15 as a function of 

Effect of icing on centrifugal-flow-type  turbojet-engine  per- 
formance. - Representative performance values of the changes in tail- 
pipe  tanperature, thrust, and specific fuel consumption f o r  a centrifu- 
gal-flow-type turbojet engine  (unpublished  data) are shown i n  figure 1 6  
as a function of time i n  an icing  condition. A t  the end of the  investi- 
gation,  the  tail-pipe temperature had increased 90° F and the thrust  was 
reduced Lo .percent. The specific  fuel .consrrmption was a lso  increased 
by about 9 percent. For these  perfomnce changes, the  front-entry 
screen was about 60 percent blocked with ice  (fig.   8(b)).  Because the 
rear-entry inlet-air temperature was 330 F, no ice f o r m e d  on the  rear 
screen. More serious performance losses can be  expected at a lower 
inlet-air  temperature, when both  screens are subject t o  icing. 



Damage caused by ice. - Shedding of large  ice  formations from com- 
ponents ahead of the. compressoy inlet  when no, compressor-inlet  screen i s  
used may cause  engine blowout and structural  damage. An indication of 
the quantity of i ce-  that may be  shed from the inlet and the engine com- 
ponents  and  subsequently swallowed by the compressor .is. sham in f ig-  
w e  1 7  (reference 4) .  A photograph of t h e   i c e   f m t . i o n s  1 lpinute . . 

before shedding occurred i e  shown in. figure 17(a) ; figure  17(b) xae 
taken 1 minute af ter   the  shedding of the  ice  forgations. This sudden 
intake of ice  caused a -  momentary drop of ab& 1000 r p m  i n  engine speed. 
Inspection  after shutwwn showed no damage to   t he  enghe. 

Ice shedding from inlet lips;.accessory housing,  and islands gen- 
eral ly  shatters into small pieces and passes harmlessly  through the 
engine. D p g e  may occur if a large  piece of ice lodges i n t h e  space 
between a rotm- and stator-blade  stage or if a large  piece  strikes a 
rotor  blade. and deflects it into the guide vanes or stator  blades. 
Wider inlet-guide-vane  spacing  permits passage of large  ice  pieces - 

into  the compressor and thereby  increases the POBSibility of damage t o  
the engine. . .  

. .." 

I 

Freezing of water i n  the campressor during  outside  parking or 
storage of an a b c r a f t  may result in damage if an attempt is made t o  
s tar t   the  engine,  before  de-icing the compressor blading. 

No damage resulting f'rm icing of centrifugal-flow-type  turbojet 
engines has been reported  to date. . .. . .. . . .  . .  . . . . . . . . .. - . .  

" - " 

I C I N G - P R O T E C T I O N  M E T H O D S  

Three basic methods  of protecting a turbojet engine agabst icing 
have been evaluated  and-are  summrized in   t he  following sections. The 
methods are (1) heating of surfaces  subject t o  icing, (2) heating of 
the inlet a i r  stream by the injection of hot gases into the inlet air, 
and (3) inertia  separation of water droplets from the,inlet  sir. 

SURFACE EEATING 

General Considerations 
1 

The protection of turbojet-engine installatian6 by  local  heatlng 
of the 6-xrfaces subject t o  icing is similar t o   t h e  problem of airfoil 
ice  protection.  Icipg  protection may be accomplished by contFruous 
heating of the  surfaces t o  a temgerature sufficient t o  prevent  ice, or 
by cyclical  de-icing i n  which ice i s  permitted t o  form on the  surfaces 
and then removed periodically by a shoA intense application of heat. , 

3 

I 
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In continuous heating,  the  surfaces are either  raised to a temper- 
% ature just sufficient t o  maintain the impinging water in a l iquid state 

over the  entire wetted  surface, o r  are supplied  sufficient  heat to 
evaporate  the impinging water in a specified d i s t a s b e  behind the 
impingement area  wbile  the remaining surface is unheated. The highest 
local hat ing  ra tes   are   required if the water is to be comgletely 
evaporate&. The minirmrm total Qwt requirement for  complete icing 
protection may be  obtained either by evaporation of all the  hpinged 
water or  by  maintaining the water in a l iquid state, depending on the 
extent of bupingement. For example, the minimum heat  requirement for  an 
accessory housing may be  obtained by evaporation of a l l  the impinged 
water i n  a region near the nose, whereas f o r  inlet guide  vanes, sub- 
ject to mingement aver the  greater  portion of the  surface,  the mini- 
mum heat requirement i s  obtained by maintaining  the  entire  surface 
a t  32' F. . .  

In cyclical  de-icing, a water film between the component surface 
and the  ice, caused by heat  application,  permits r e m o d  of the  ice by 
aerodynamic farces. Only a f e w  components are heated  during  the  rela- 
tively  short,  intense  heating  perioh,  the  rest  being allowed t o  ice. 
Because the components are  heated  successively,  proper grouping of the 
components permits the  shift-ing of heat from one group to another and 

- thereby maintalns a cons";ant h a t  load. The t o t a l  heat input f o r  cycli- 
ca l  de-ichg i s  greatly reduced f r o m  that  required for continuous  heat- 
ing. The icing time for the cm@onents is Umited  by the BsLouzlt of ice 
that can be tolerated without seriously  affecting engine performance 
and that  does no t  damage the engine. 

Y 

J 

Calculations of the  anti-icing  heat requirement for  icing  protec- 
t ion  of M e t  camponents are d i f f icu l t  because the  solutions  are 
Fnvolved and are  a9fected  greatly by the assumptions that must be made 
where an adequate  theory and experimental data axe lacking; The general 
method of determining; the  heat requirements for  surfaces  subject to 
i c a g  is discussed in detai l  i n  references 9 and 10. 

The principal  factors that affect the hea5 requirements f o r  ant i -  
icing are surface and air  tmperatwes,  air  velocity,  water-interception 
rate,  pressure  altitude, and geometric shape of the  body. The l o c a l  
heat  requirements  increase  with  increasing  surface  temperature, a i r  
velocity, and water interception;  decrease  with  increasing sir tempera- 
ture; and a r e  Ut t l e   a f f ec t ed  by changes in  pressure  altitude. More 
detailed  information  pertaining to  heat-transfer  coefficients and 
droplet impingement may be found in the  references  given.in  the follow- 
ing table: . .. 
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Subject References 

Dry-air  convective heat-transfer  coefficient 
r -- 

. _  

Bodies of revolution 
Airfoils 
Cylinders and f la t   p la tes  
Spheres 
Pipe flow and tube  entrances 

11, 12 
13, 14, 15, 16, 17 
13, 14, 15, 16 
18 
16, 19, 20, 21 

Airfoils 22, 23, 24 
Cylinders,  ribbons, and spheres I 25 

By resolving a component into f'undamental shapes of proper sizes, an 
approximate theoretical  solution may be  effected. The accessory h a s -  
ing, fo r  example, may be - treated as a sphere  followed  by a body of 
revolution. Furthermore, other  approxhmtims and a s s q t i o n s  must be- 
made depending on the  specific  conditions jnyolved: r+mely, the  type of 
boundary-layer flow and the  location -of t rami t ion ,   the  wetness of the 
surface, and the  limit of droplet ingzingement.  These problems axe dis- 
cussed sufficiently in the  references  cited  to permit an approximation 
of anti-icing  heat requirements for most surfaces with a known velocity c' 

distribution. 

. .  

. . . . . . . . . . . " . .. . . . . . - - 

For many surfaces,  especially small components, the necessary heat 
is often very difficult t o  supply t o  the leading and t r a i l i ng  edges 
because of structural   factors.  In  most installations a considerable 
mount of heat is wasted because of the  practical   inabili ty  to  obtaln 
the  theoretically  required  surface $emperatwe for an opthum  heat  dis- 
tribution. The heating  requirements f o r  an installation therefore . . 

depend on the means:by which the  heat is distributed. 

The practical  difficultks and high  heating  densities involved i n  
heating  the compreosor-inlet  screen are ,qui te  formidable; therefore far 
all-ueather  aircraft  the screens should either be removed or m%de 
retractable. I n  the absence of screens,  the inlet guide  vanes became 
the c r i t i ca l  components - in  regard t o  icing. The remaining inlet campo- 
nents  subject ta. icLng are   the islanb and island  fairings,  the  acces- 
s o r y  housing, the  inlet  ducting, and the inlet Ups. These componente 
can generally  withstand long periods of . a o s u r e .  t o  i c i n g  without  pro- 
hibitive aerodynamic. lossesj these components, however, should be pro- 
tected  for  all-weather  aircraft. 
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Experimental NACA investigations  of  turbojet-engine  surface heat- 
ing to date  have  been  confined $0 the . W e t  guide vanes  with  the  anti- 
icing  heat  requirements  evaluated  for  three  types  of  heating:  gas- 
heating  with  hollow  vanes,  electrical  heating by resistance  elements, 
and  heating by eddy-current  generation.  These  investigations will be 
discussed in subsequent  sections. 

Heating  Requirements  for m e t  Guide  Vanes 

The  heating  requirements  for  icing  protection of inlet guide vanes 
by  hot  gas and electrical  means  are  reported  in  references 8 and  26, 
respectively.  The  hvesti@tions  were  made  with a two-dimensional  vane 
cascade  in a short  rectangular  duct  mounted in the  icing  research  tunnel 
(fig. 18). Although  all  the  vanes  were  heated, o n l y  the  center  vane was 
instrumented to obtain  heat-transfer  data.  The m e s  were  of  approxi- . 

mately  6-inch span, Zz-inch  chord,  and  3-inch  spacing.  Thermocouples 
used  to  obtain  chordwise  temperature  distributions on the  vane  surface 
were  located  at  the midspan position. 

3 

i 

Gas heating of vanes. - For the  studies Fn reference 8, the  center 
vane was heated.by  passing hot gas through  internal  passages.  Three 
vane  models  were  inveskiwted,  differing o n l y  in internal  gas-passage 
construction.  Cross  sections  of  the  three  vanes,  hekeina9ter  designated 
vanes 1, 2, and 3, and  the  location of surface-temperature  Fnstrumenta- 
t'ion are shown  in  figure 19. . 

Investigations of gas-heated  airfoil  shapes  (references 10 and 17) 
showed  that  large  quantities  of heat were  wasted  near  the  center-chord 
portions of the  shapes  and  that  the  leading  and  trailing  edges  were  at 
the  lowest  temperature.  Purthermore,  the  icing  characteristics  of  the 
W e t  guide vanes shown in figure 12 indicated  that  the  largest  amount 
of icing  occurs in these  regions'. By the  addition of fins and  inserts 
in the  internal  passages (fig. 19, vanes 2 and 3), the  internal heat 
distribution may be improved  and  the gas flow may be reduced  (refer- 
ence 17). 

A comparison  of  the  local  heat-transfer  rates  through  the  vanes, 
as  indicated by the  surface-temperature  rise  above  the datum temperature, 
was obtained in dry air  for  constant  values of air  velocity  ahead  of  the 
vanes, gas flow, and  as tmperature (fig. 20). The datum temperature 
is  the  temperature  of an unheated,  nonconducting  surface  Immersed  in a 
moving  fluid, and is also known as  kinetic  temperature,  adiabatic w a l l  
(surface)  temperature,  surface datum temperature,  datum  air  temperature, 
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and effective ( g a s )  temperature-. - I n  figure 20, the comqZarisan of heat 
transfer through the  three vanes a t  midspan shds that the two modified 
vazlee transferred  considerably more heat.than  the fully hollow vane, 
especially  at  the  leading and t r a i l i ng  edges, which are  #e c r i t i c a l  
points i n  guide-vane anti-icing. Vane 2 transferred  the most heat a t  
the  leading edge, but was in fer ior  t o  vane.3 a t   t he   t r a i l i ng  edge. In 
addition, vane 2 dissipated  excessive  heat along the convex surface. 
Although the optimum vane configwation is not represented by these 
vanes, the  results  point  the way toward the achievement of an efficient 
gas-heated  vane. 

I 

Because heat is transferred from the vane surfaces,  the temperature 
of the  hot gas decreases as it passes through the  vane. The h a t  re- 
quired for icing  protectian i s  therefore  established by the minimum heat 
content of %he gas-  a t   t h e ,  Vane ex i t .  In the. studies  reported i r ~  r.efer- - 
ence 8, only midspans of the mneB  were instrumented t o  obtain chordwise 
heat-kransfer  rates; consequently, in order t o  determine the minimum 
heat  content for ic- protection,  ice was pezmltted to form on the . 

vanes cmly from the midspan t o   t he  .vane exi t .  The data obtained a t   t h e  
midspan  can thus be consiaered t o  represent--the n i n h u m  heat  require- 
ments a t  any spaawlse station. A comparison of the minimum heat content 
required f o r  ice pro-bection f o r  .the  three m e 5  investigated- is  6 h m  in 
figure 2 1  as a function of datum tpsrperature. The data sham were ob-. 
tained  at  two a i r  v-cities and constant  values of .  gas  flow and liquid- 
water content. The vanes with fins and inserts required from 40 t o  - 

50 p,ercent less  heat  than  the  fully hollow vane, with vane .... 3 requiring . . . . .  

less  heat  than vane 2. 

" 

. .  

I 

z 

. . . . . . . . . .  . . . . .  . .  . .  . . . . . . . . .  . .  . .  
-_ 

Far a given vane-passage configuration, the inter&-heat-transfer 
coefficient is a function of gas flow a d  e;Els"-t;~erature-(reference 171. 
When gas is bled from a  turbojet engine, .a dnimrun cimritity of bleed is' 
desirable; consequently, a high gas tgnpera-ture should be used. The 
gas-flow requirements,  expressed & . a  perpentage of the  inlet-air  flow, 
for.  ice  protection of - the vanes investigated  are shown in figure 22 &B 

a  function of the  Wet-vane gas temperature. The gas-flow require- . . . . . . . .  
ments of figure 22 were. calculated f o r  a minixtnm surface  temperature of 
32O F at the   t ra i l ing  edge of the vane-outlet  station. At a 5000 F 
inlet-gas temperature, the gas-flow requim?m&rits-were less than half of 
those a t  a 300° F inlet-gas temperature. The requirements f o r  vane 3 
ranged- f r o m  approx3mately 40 t o  60 percent of those f o r  vane 1. 

. .  

- 

. . .  
.. 

. . . .  

The effects rn engine .performance resulting from the bleeding of . . . .  

either compressor. or turbine  a i r  f o r  gas heating of vanes may be calcu- 
lated by the method of reference:27. For the small -quastities of .gas 
required-to aati-Lce-.the guide m e 8  (approximately 0.5 percent of the - . w  
engine air flow, f i g .  22), the engihe thrust-iois . w i i i  be approximately- 
1 percent in severe leu -aitions. . . . . . . . . . . .  . . . . .  -. _ _  - - ... 

. -  

. . . . . . .  

r 
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Reduced heat  requirements for  ice  protection  with a cyclical 

investigated. The small internal heating  passages produce high  heat- 
c method of gas heating should be-obtainable f o r  guide vanes of the  type 

J transfer  coefficients and rapid  heating and cooling rates a t  the exposed s) 

2 -  

n surfaces. With short,  well-insulated approach ducts  the inlet e i d e  
vanes should therefore  de-ice  with  short  heat-on  times. 

I 

Continuous electrical   heating of vanes. - The use of e lectr ical  
heating of inlet guide v"es permits an approach t o  t h e  optimum heat 
distribution f o r  i ce  prevention by allowing a clqse  control of the loca l  
heat  input;  consequently only  amall  amounts of heat are wasted. 

In the  investigation  reported in reference 26., the  center vane 
contained Nichrme heating  wires  with  separate  circuits for independent 
chordwise control of the  e lectr ical   parer   hput  as sham i n  figure 23; 
Heating  elements of t he  type used could  not  be  located  closer t o   t h e  
t r a i l i ng  edge than  indicated because of the  thinness of the a l d n u i n  
vane metal.  Typical  surface-temperature  distributions along the  vane 
surfaces  with  continuous  heating =e s h m  in figure 24 for two datum 
temperatures. The increase in  average surface tanperatwe  with decreas- 
ing datum temperature resulted from the overheating of the vane neces- - 

sary t o  maintain the lea- and t r a i l i ng  edges at 32O F. The over- 

merits beyond the  regions sham i n  figure 23. The t r a i l i ng  edge in 
particular  acted as .a fin and constjltuted a ,hea t  s i n k  f o r  the last heat- 
* h g  element. 

- 
. heating of the vane was caused by the   inabi l i ty   to  l o c a t e  heating  ele- 

The minimum avkage power density f o r  ice  protection  with  contin- 
uous heating of the vanes is shown in figure 25 as a function of datum 
temperature. The values of ..power density shown in t h i s  figure were 
obtained  by  selectively  adjusting  the power input t o  the four  heating 
elements Cor a  given icing  condition  until the minimmu parer f o r  i ce  
prevention was obtained. For a current  engine  with 28 vanes of the 
type  investigated,  icing  protection a t  an ambient-air  temperature of 
-Uo. F and a compressor-inlet velocity o f  400 feet per second could be 
obtained  with a t o t a l  power input of 7.8  kiluwatts.  Analysis of the 
experimental data indicates that the pow% requirements sham in f ig-  
ure 25 could  be  reduced  approximately 25 percent if a uniform surface 
temperature of 3s0 .F. could be obtained  with a suitable  heater  arrange- 
ment. Estimates of the  heating requirements f o r  vanes and icing con- 
ditions  other  than  those  investigated may be made by proper  use of the 
wet-air method of analysis,  as  presented in reference 26. 

The effects on engine performance resulting from s ~ - p o w e f  extrac- 
t ion from an engine f o r  electri-cal  heating of in le t  guide vanes aro neg- 
l ig ib le  and may be calculated by the method of reference 28; however, 
the weight penalty of the generating equipment is appreciable. 
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Cyclical  electric  de-icing of vanes. - The power requirements for 
ice  protection of in le t  guide vanes and consequently the weight of the I 

3 
N 

generating equipment can-be reduced. by cyclical  de-icing. The t o t a l  
energy or power required t o  achieve  cyclical  de-icine; can be s h m  t o  
decrea6e with  shorter  heating  periads;  that is, short intervals of 
high-power application  are more economical than  longer  intervals  with a 
low-power application. The establishment of a heating  cycle depends 
also on the  ra te  of ice  accretion and the  resulting  pressire  losses. A 
long  icing  (heat-off)  period i s  most desirable; however, it can be Been 
fram figure ll that large  losses occumed a t   the  higher air temperature 
and water content and for icing  periods  greater  than 1 minute. It 
therefore  amears that relatively short heat-off  periods i n  the  order 
of 60 seconds a r e  required for cyclical  &e-icing- of vanes-. 

- .  

W?.th a cyclical  de-icing sptem, the vane surface  temperature i e  
raised t o  approximately 3Z0 F during  the  heat-on  period. As stated  pre- 
viously,  the  lowest  total-pmer  requirements  .are.  attained..with a high 
instantanems power Input, which r e s a t a  in a magimum temgerature-rise 
ra te .  Typical  vane-surface-temperature variations with time for heat- 
on periods of 10, 20, and 30 seconds are shown i n  figure 26 f o r  the b 

leading and t r a i l i ng  eages.  Ice was shed at .the.end. of each heat-on 
period or  when the  surface temperature  reached 32O F. For the 30-second 
heat-on  period, the trailing edge was somewbat overheated and ice # 

removal occurred a f te r  on ly  12 seconds (fig.  26) .  

. ." 

" 

The variation of .the average instantaneous power density required 
f o r  vane.cyclica1  de-icing is sham in figure 27 a s - a  function of the 
datum temperature f o r l o - ,  20-, and  30-second heat-on  periods, and heat- 
o f f  periods of 60 t o  120 seconds. The average  instantaneous power den- 
s i t y  was higher for the 10-second heat-an  period  than for both of the 
other two periods, for which the power densities  are &proximately the 
same. Because for a .given  area  the t o t a l  energy can be  expressed in  
t e r m  of the product of the average instantaneous  parer  density and the 
heat-on time, the t o t a l  energy was least f&r the 10-second  heat-on 
period.  Limited  data  indicate that a i r  speed did not greatly affect 
the power required f o r  ice removal as shown by the 10-second data points.. 
for 240 and 390 f ee t  per  second-(fig-. 27) .  negligible  differences i n  
power requirements.were observed f o r  an increase .in the heat-off  period 
from 60 t o  120 seconds for the same heat-an  periods. 

The resul ts  of reference 26 -indicate that with -cyclical  de-icing 
of W e t  guide vanes total-pwel  -input  savings  as  high as 79 percent for 
a current  engine may be achieved as  compared with continuat6  heating; 
consequently, large generator-weight  savings can be  realized. The ahed- 
ding of such ice  as may build up on the vanes dur ing the  heat-off  periotl 
of 60 seconds i a  not  believed t a  be a haza rd  t o   t he  compressors of cur- 
rent  engines. 
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Eddy-current heating of vanes. - Another system utilizing  elec- 
trical power f o r  ice  prevention on inlet guide vanes (reference 29) is 
the use of eddy currents t o  heat axial-flaw M e t  guide vanes and corn- 
pressor  blades. The principle of eddy-current  heating  requires a ferro- 
magnetic flux path and a means of rapidly varying the flux i n  the  ele- 
ments t o  be  heated. The applicatiop of this  principle to W e t  guide 
vanes is illustrated by the schematic diagram in f igme 28. The mag- 
net ic   f lux is supplied by the  stationary  direct-current  coil  f rom which 
the  f lux  t ravels  in a ferromagnetic circuit  consisting of the islands, 
shell ,   inlet  guide vanes, and a chopping mechanism in  the ro tor .  The 
chopper (fig.  28) provides a varying a i r  gap that causes a flux change 
and resul ts  in the  creation of eddy currents and heat. The teeth in  
the chopper should  be of such a length that as one blade.is  leaving a . 
tooth  another  blade is  taking its place in the magnetic c i rcui t .  In 
th i s  manner, the only parts of the magnetic c i rcui t  that are Weri- 
encing a flux change are  the  bladlng and the  immediately adjacent par ts .  
A constant  flux is  thus  mintained in the   res t  of the  nagnetic  circuit 
and a constant  flux always links the  coil .  An alternating  current may 
be used in place of .the flux-chopping mechanism;  however, t h i s  system 
would heat d l ' p a r t s  through which the  current  passes. - .  

In a general  apglication of eddy-current  heating  &ere more than 

o r  the stator but  the  blades  to  be  heated must pass over the  teeth of 
the chopper. A chopper must therefore  be  provided f o r  e c h  row of 
blades t o  be  protected. 

. one set of blades is protected,  the chopper may be  either i n  the  rotor 

The e lec t r ica l  power requiredfor  magnetization of the  direct-  
current  coil i s  in the order of 0.002 percent of the  turbine pawer out- 
put. In addition,  the  shaft power extracted  for  the  generation of eddy 
currents to produce the  heat  required f o r  ice  protection of the guide 
vanes is  small and for   the proposed design in reference 29 is 0.2  per- 
cent of the  turbine power output. The total   load would cause a thrust  
loss in the-order of 0.5 percent.  Difficulties that may be  expected 
through the  use. of an eddy-current  heating system includes weight 
increases necessitated by the use of ferrous blading, coils, and chop- 

- p h g  mechanisms. In addition,  the complexity of the  electrical. equip- 
merit required  necessitates  considerable  design a n g e  in  the  construc- 
t i on  of the  rotor and the housing of turbojet  engines. . 

HOT-GAS-BLEEDBACK SYSTEM 

Another approach t o  the problem of turbojet-engine-inlet  icing 
protection is the  heating of all t he   i n l e t   a i r  and the  entrained water 

. 
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t o  a temperature above freezing. Initial studies  indicated that suffi- 
c i k t  amounts of gas .can be blea from the engine t o  raise the Wet-  t 
air temperature above freezing and s t i l l  p d t .  engine opei-ation, but 
w i t h  a reduction in-thrust. The gas must be added to   the  inlet air in 3 
a  manner that provides good heat distribution at the cmponents t o  be 
protected. The greatest economy i n  t h e  use of the heat provided by the 
blee-dback gas i s  r e a l i z e d  when the temperature af the inlet  a i r  a f t e r  
heating is  uniform throughout the a i r  stream. 

" . 

N 

. -  

I- - 

Because the operational time In icing for  aay engine is  small com- 
pared w i t h  i t s  t o t a l  life, the engine should not be penalized  by the 
de-icing system during normal operation. A system of-heat  addltlon that 
has- no inlet pressure  losses  during normal operation is therefore 
required. The use of high-velocity heated-air jete  directed normal t o  
the in le t  a b  stream was investigated  (reference 30) as a means of 
obtaining good heat distribution with no resultant  penalties  during nor- 
mal operation. These studies showed that .adeqpg.te penetration and good 
mixing could be .obtained a t  high jet t o t a l  pressures. 

Concurrently, an exploratory  investig3,tion using an axial-flow 
turbo j e t  engine was made in  the NACA Lewis al t i tude wind tunnel t o  
determine the over=d" practicabili ty of the hot-gas-bleedback system 
(reference 5).  The results of this hvestigation showed t-t the eys- 
tem was not only  'practical  but that it could be used w i t h  minor modifi- 
cations t o  the engine and the nacelle. It was found that the s ize  and 
the location &-the ar i f ices  fo r  injecting the hot gases were of primary 
importance. Good icipg  protection  could be obtained only if the orifices 
were large enough to   p rwide  adequate  penetr&€i-on -aiid i f  a sufficient 
ntlPnber of orifices was provided for good temperature dis t r ibut ion  a t  the 
engine inlet. 

Y 

, .  

* 

" 

I n  order t o  provide a ra t ional  basis fo r  determining the s ize  and 
the  location of the injection  orifices, a systematic  study was under- 
taken w i t h  three types of representative  turbojet-engine inlst. The 
inlets investigated were two-thirds full scale and comprised an offset  
inlet (reference 31), a long straimt M e t  (reference 32), and a short 
straight inlet (reference 33). The  models investigated were desi@ed 
for  a mxFmUm mass flow of 32 pounds per secondl corresponding t o  the 
rated f l o w  through a full-scale axial-flow-type engine of 4000-pound 
s t a t i c  thrust at  s e a  -level. 

The instrumentation used in the long-straight-inlet  investigation 
(reference 32) is sham in  figure 29 and i s  -typical of that used in the 
other inlet iwestigptions. Measurements  were ma& of the mass flaw, 
ram-pressure r e c . m ,  temperature distribution a t  the simulated engine 
inlet, and pressure drop across the screen. . T h e .  _surface temperature in 

I 

- .. 
" 

r 
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the   inlet  duct and on the  accessory  housing was measured as w e l l  as 
nacelle-lip  pressure and  temperature  distribution. A .  1/4-inch-mesh , 
0.050-inch-diameter wire  acreen was mounted in the models to simulate 
a protective  compressor-inlet  screen and t o  provide a means of indicat- 
ing icing. 

As a resul t  of these  investigations, a design  procedure has been 
evolved from which'the  heat  requirements can be determined and a satis- 
factory  orifice  configuration  obtained  (reference 32).  

Heating  requirements. - The resul ts  of references 3 1 t o  33  show 
that the  heat requirements f o r  aaequate  icing  protection  are based on 
raising the t o t a l  temperature of the  in le t  air and the  entrained water 
t o  a tenperatme  sufficiently  high that the  minimum surface  temperature 
on the engine components is mafntained above the  freezing  level. Gen- 
erally,   the lowest surface  temperature is  obtained a t   t he  point of high- 
est  velocity. ConsideratLon mu5t, however, be  given t o  temperature  dis- 
tr ibution in  the inlet air .after mixing in order t o  determine the 
cri t ical   icing  region. 

A study of the temperature  distributions at the  simulated  engine 
inlets  of references 31 and 32 (long inlets) showed that  for a w e l l -  
designed orifice configuration the r a t io  of the minimum temperature 
rise to the  average teqpersture rise was approximately 0.8. This ra t io  
i s  defined as the  nixing  efficiency. For the  short, straight in l e t  of 
reference 33, the  best  design gave a mixing.efficiency of approximately 
0.75 because the shorter duct length did not  permit as good mixing. 

Calculatim af bleedback a8 function of gas temperature. - In the 
determination of: the bleedback quantity,  temperature rise required f o r  
protection must be  estimated. This estimation may be made by determin- 
ing  the loss Fn temperature  recovery ,At a t   the   surface f o r  the  point 
of maximum velocity i n  the  duct. The loss i n  temperature  recovery is 
then added t o  the  Wference bekueen the stream t o t a l  temperature and 
the  freezing  level (32' F) . In order t o  allow f o r  imperfect mixing, 
t h i s  value is then  divided by the mixing efficiency, which results i n  an 
over-all  temperature rise KC. This value is then u t i l i zed  in the f o l -  
lowing approximat e heat  -balance  equation : 
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In order t o  compare the  results  calculated by th i s  method with  the 
experimental results given in reference 32, two curves of bleedback as 
a  function of injection gas t e rqera tpe  have  been calculated  for  the 
maximum and minimum conditions  investigated. These curves' are shown in 
figure 30 together .wirth the  emmimental. .data. These data  represent a 
condition of marginal icing  as  defined in reference. 31. Agreement 
between the  calculated and experimental  values i e  satisfactory. 

Orifice  configWation and temperature distribution. - The  method 
of determining a satisfactory  orifice  configuration is given in refer- 
ence.  32. .The method-should  be  modified t o  utilize  the  orifice-flow- 
coefficient data given in reference 3.4 and the more comprehensive jet- 
penetration data given in  reference 35. . . I n  general, the  folJoying 
procedure is used t o  determine an.orifice  configuration: 

The actual   weiat  flow through the engine.at a...temperature  cmre6- 
pondingto the total temperatye  required f o r  icing.protection is first 
determined. The required  hot-&s flow is- theq-the  prowct pf the bleed- 
back (see  equation (21.) and the  actual weight flow. The total jet   area 
required f o r  passage of the  hot g a s  at  the  tenpemture and the  pressure 
available may then be calculated. if the flow coefficient is knokm. An 
average  value of the  coefficient must be estbmted from the  results of 
reference 34 because the  individual  jet  diameters are as  yet unknown. 
After the   requi red   j e t   a rea . i s   de temed,   the  trial or i f ice  configur- 
ations can be laid. out by using the  penetration  cmves of reference 35 
and the method of reference 32. 

The orifice  configuration designed f o r  the long st raight   inlet  . 

(reference  32), shown in figure 31, resulted i n  a  satisfactory  tewera- 
ture  distribution a t  the design  value of bleedback. The analysis and 
results of reference.32 show that  the  temperatme  distribution  obtained 
a t  the design bleedback F l u e  was independent of gas  temperature.anA 
weight f low through the engine.  Operation a t  bleedback other  than-the 
design  value resulted in poor temperature dis t r ibut ions  a t   the  si?nubte(i 
engine inlet   (see  f ig .  8, reference 32) .  The results of references 31 
t o  33 show that the temgerature distribution was almost unsf.fected by 
angles of attack  as  high as 8O. . .. . .  .. 

Pressure losses associated  with bleedback system. - The pressure 
loss associated  with bleedback is caused 3s the  addition of both heat 
and m&ss to the  inlet .  air streaq. Because-the jets were directed  per- 
pendicularly t o  t h e   a i r  stream, no additive mentum component t o  the 
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main f l o w  was contributed that added t o  the  pressure recovery. The loss 

la ted provided tha t  .a consl+nt-area  duct is assumed. The f o l l o w h g  
4 i n  total   pressure caused by mass and heat addition can be easi ly  calcu- 

3 
-I equation may be used if ccanpressibility  effects are negligible: 
J 
D 

A comparison of the pressure  recoveries  calculated  by  equation  (3)  with 
the  eqperhental data of reference 52 is sham in figure 32, wherein the 
pressure  recovery is plotted as a function of the bleedback f o r  an 
injection gas temperature of 1000°, F. me maximum pressure  recovery 
obtainable  with no bleedback was 0.95. The theoretical  values were cor- 
rected t o  the maxirmrm ram-pressure recovery  with no bleedback. The cal- 
culated  curve is in good agreement with the experimental  data  although 
lying  sl ightly below it. This deviation $ras caused, in  part, by the 
divergence of the duct aft of the jet location and a consequent reduc- 
t ion  in the  air-stream dynamic pressure that resul ts  in  decreased  pres- 
sure losses. - 

Effect of bleedback on engine performance. - The engine-inlet  total 
pressure and t o t a l  .temperature and the bleedback can be  calculated by . the  methods previously-  given. These values can then  be  used to  deter-  
mine the engine performance f r m t h e   c h r t s  of reference 27. !The best 
temperature  distribution and consequently the  best  icing  protection  are 
obtained at   the   desi& bleedback d u e .  Economical engine  operation 

' requires that the engine inlet-air tpsrperature be  held nearly constant 
and a t  a value  slightly above the  freezing  level, which can be accom- 
plished  only by controlling  the  temperature of the  injectLon g a s .  A 
possible means of  control is by mixing turbine-Wet  and compressor- 
outlet afr. Another  method w o u l d  be t o  heat the compressor-outlet air 
by passing it through a combustor o r  heat exchanger. 

The effect  an engine thrust of operation a t  the design bleedback 
value and at an engine-Fnletcsir  temperature slightly  above-freezing is 
shown in figure 33 as a function of air-stream static tPsrperature. 
These data were calculated by the method of.  reference 27 for  an  engine 
operating a t  rated engine  speed and turbine-inlet tarperature . The 
assumed sea-level rated engine characteristics were a thrust of 4000 
pounds and an  engine a i r  flow of 70 pounds per s'econd.  The nacelle  area 
at the  section where the  hot  gases were jptroduced was assumed as 2.045 
square feet   and-the mixing efficiency  as 0.8. The thrust loss is seen 
t o  decrease l inear ly  with  increasing air-stream s t a t i c  temperature and 
icing  protection a t  0' F t o  result in a thrust loss of 15 percent. 
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The foregoing  discussion  indicates that the  hot-gas bleedback  sys- 
tem can provide adequate icing  protection u&er severe  icing  conditions v 
with moderate engine-performance penalties that can be readily  predicted. 1 

(u 

Alternate-Duct System 

A system has been developed by which cloud  water droplets are  
separated out of t he .   a i r  stream by uti l izing  the inertia difference 
between the air and the cloud water droplete t d  deviate %h.e droplets 
from the air  streamlines. Because of the a n a l l  inertia of cloud water 
droplets, sharp air-stream  curvatures and high a i r   ve loc i t ies   a re  
required t o  separate  these  droplets. AB a consequence, large duct pres- 
sure  losses a r e  encountered 19 the smallest droplet.s.are t o  be separated. 
lnasmuch as 1ezge.duct  losses cannot be tolerated f o r  satisfactory 
turbojet-engine  operation, some fract ian af .the 6maller cloud drOplet13 
in the ra.nge of 5 t o  20 microns i n  diameter cannot be  eliminated by a 
pract ical   in le t ;  consequently, a i r  with a reduced number of droplets 
is passed into  the campressor. The water  separated out of the air 
stream i s  allowed to.   collect  harmlessly in  specific  sections of the . . 

inlet .  The ice  protection af'forded an engine is  therefore a compromise 
between the  pressure  losses  inherent in an inertia-separation  inlet and 
those  resulting from' icing caused by the unseparated  water. 

. i 
.. 

.. .. . * 
. . .  

A n  inlet desigaed t o  eliminate a large percentage of the water 
droplets..fran  the air by momentum separation  (references 7 and 36) is 
sham i n  figure 34 .and consists of a s i m e - i n l e t  nacelle, a main duct . 
with compressor-inlet  screen, and an  alternate duct  with sharply curved 
passages. When an icing  condition is encountered, the  screen in  the 
main duct becames rapidly blocked  with ice  and t h e   a i r  stream then 
shifts t o  the  alternate  duct. The droplets that deviate out of the  air 
stream at  the  entrance  to  the  alternate duct impinge w e s s l y  i n  the 
rttrap'r formed by the ice-blocked main-duct screen,  the  accessory hous- 
ing, and the  duct-splitter ring. In .an iceiLconditiog,  the main-duct; 
screen forms a w a l l  of the  alternate duct frm the  duct-splitter ring 
t o  the compressor inlet. . .  

" 

. . .  

. .  

The aerodynamic and water-separation  results.obtained  with several 
inertia-separation inlets a re  summrized as  follows: 

(1) Large pressure  losses i n  the main duct w e r e  caused by the 
presence of the  alternate duct opening f o r  conditions of high air 
velocities in the duct  (reference 7 ) .  These losses could be minimized 
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and made t o  approach conventional direct-ran inlet losses by  designing 
the  inlet  t o  operate a t   r e l a t ive ly  l o w  air velocities.  Effects of a 
change in angle of attack on the  aerdynamic  characteristics of the 
inlets  were negligible. 

(2)  A l l  the  inlets  investigated in references 7 and 36 were unsat- 
isfactory w i t h  respect to  the  quantity of 11186s flow that could  be  passed 
through t h e   a l t e n a t e  duct. It is  estimated that for  current engFnes 
a nacelle 10 t o  15 percent  larger in diameter must be used for an 
inertiaAseparation inlet than f o r  a comparable direct-ram inlet. This 
requirement is  necessary t o  insure an al ternate  duct of sufficient  size 
to pass the  required mss flow me providing a high aegree of water 
separation by uti l iz ing a s m a l l  alternate-duct  inlet opening. It i s  
apparent from reference 7 that, had mass-flow values  representative of 
current  engines been obtained, the thrust losses caused. by pressure 
losses would have been prohibitive. 

(3) The degree. of .water separation was a function of the  alternate- 
duct-inlet gap, radial offset of the  duct-splitter  ringwith  respect t o  
the  inlet,  curvature of the  duct  passages, and duct-air  velocities 
(references 7 arid 36). The greater  the radial. offset  and the  smller 
the   in le t  gap, the  higher is the degree of water separation. The pres- . sure  losses and the mass flow through the  duct, however, must also be 
considered, and it is these  factors that will principl ly   inf luence a 
compromise design between  aerodynamic performance and good water 
separation. . . .  

(4) The decrease in  mass flow and the  increased  pressure  losses 
with  time f o r  inertia-separation  inlets i n  icing  conditions  presented 
in reference 7 w e r e  caused principally by severe  ice  formations in the 
alternate-duct elbow. Consequently, these  surfaces must be  protected 
in order t o  permit  continued  engine  operation for  long icing  encounters. 
Ice  formations on other components w i l l  i n  time  cause  reductions Fn mass 
flow and pressure in the  inlet .  All 111& jor  cmponents must theref  ore  be 
protected t o  insure  aale  qperation of an engine in icing  conditions. 

Submerged-Inlet System 

An investigat.ion  (reference 37) w&s made t o  determine the degree of 
water separation  that can he accomplished by use of annular 'submerged 
inlets (fig.  35). The resul ts  of the  investigation  indicate that these 
inlets  were partly  successful i n  separating water droplets from t h e   a i r  
stream. Unless extremely high  inlet-velocity  ratios and smal l  inlet 
gaps were used, the  inlets admitted moderate quantities of water. The 
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use of  such small gaps and higkveloc i t ies   res t r ic t s   the  mass flow 
through the .inlet and cause8 large pressure  losses. 

- " 
I 

Other investigations of submerged-type inlets used in conjunction .?I 
with fuel-cell  vents are reported in reference 38. A typical vent .. 

installation usFng a submerged-type inlet m m t e d  in the underside of 
a w i n g  i s  shown in figure 36(a).  Icing was observed on all. surfaces of 
the  inlet ,  namely, the  r w ,  the  diverging  sidewalls, and t h e   i n l e t   l i p  
as shown i n  figure  36(b), and also on the w i n g  surface &ead of the 
inlet. Although the a i r  flow through the inlet (vent  tubes) was quite 
low, t h e  pressure  losses  associated  with  these ice form+.ons  (eepecial- 
ly those on the  surface ahead of the inlet) w e r e  found t o  be very high. 
Severe aerodynamic penalties can-  consequently  be anticipated for engine 
in s t a l l a t ions   r eqU. ing   l a rge   g -n t i t i e s  o f  a* flqw. Ic ing protection - 

is  therefore  required  for subme2ged-inlet components. 

eu 

- .  "" 

.. . ".  "I 

S U M M A R Y  0 F . R E S U L T S  

From wind-tunnel investigations of several methods of ice protec- 
tion  for  turbojet-engine components, the  fallowing results are cited: I 

1. Econcrmical aurface  heating was accomplished by the  use  of-hot 
gas or electr ical  means*. 

2. !be use af fins and insert8 in the  intezd passages of gas- 
heated  guide vanes  decreased the  gas flow requlred for icing protection 
by as much as 50 percent,. Icing protection for in le t  guide vane8 with 
internal  inserts was achieved with approxinultely.0.5 percent of the 
engine air. flow and an  attendant  (calculated). thrust l o s s  of approxi- 
mately 1 percent. Fi& and inserts will also decrease the  gas-fl& 
requirements for the rerraaining engine coqponents. 

3. Icing  protection  for vanes by the .use uf  continuaus electr ical  
heating was shown . to  be-  feasible. For an engine assumed t o .   h v e  28 
vanes of the type investigated, ic'ing protection a t  an ambient-air tem- 
perature of -Uo F and a compressor-inlet air velocity of 400 feet per 
second was obtatned  with 7 .-8 kilowatts (average heating  intensity of 
9 watts/sq in . ) .  

4 .  The use of cyclical  de-icfng of vanes permitted a reduction i n  
the total electr ical  power of 79 percent as cqmpared with continous 
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heating. Cycle periods in the  order of 10 seconds heat-on and 60 sec- 
onds heatkoff appeared t o  give the  best  over-all  perfomnce.  Cyclical 
de-icing of the  other engine components  (whenever possible) reduces the 
total electric-power load and coqsequeqtly  generating-equipment w e i g h t .  

5. Although icing  protection o f  inlet guide vanes and colqpressor 
blading appeared possible by eddy-current generation,  considerable 
structural change is  necessary t o  incorporate  the system into  turbo- 
Je t  engines. . .  

Hot-Gas Bleedback 

1. A method for obtain- a satisfactory  orifice  configuration f o r  
hot-gas-bleedback icing  protection was developed and resulted in good 
temperature distribution in the inlet a i r  stream. 

2. The heat  requirements and the  pressure and mass-flow iosses were 
shown t o  be  readily  calculable frm theoret ical   reht ions.  

3. The loss i n  thrust resulting f r o m  bleedback amounted t o  approxi- 
mately 15 percent f o r  icing  protection a t  .an air-stream s t a t i c  tempera- 
ture of Oo F. ' 

hertia-Separation  Inlets 

1. Complete icing  protecti.on w$thout prohibitive a i r - f l o w  and pres- 
sure  losses could  not  be  achieved. The requirement f o r  extensive local 
heating  snd-the aerodynamic penalties  sssbcisted  with  the  ducts  lfmfted 
the use of i n e r t i a - s e w a t i o n   W e t s  f o r  t q b o  jet engines. 

2.  Submerged inlet s required local heat Fn@; of the in le t  ramp, side 
walls, -  and inlet l i p ,   a s  w e l l  as removal of all ice ahead of the  inlet .  

C O N C L U D I N G  R E M A R K S  

A N D  R E C O M M E N D A T I O N S  

The need for  icing protection of a turbojet engine resul ts  f r o m  
the mass-flow and pressure losses associated  with  the  icing of the var- 
ious engine components. The compressor-inlet  screen, in particular, 
constitutes a haz&rd that can cause  engtne faf iure  h. a matter of min- 
utes. The M e t  guide vanes of an axial-flow-type turbo j e t  engine also 
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represent a distinct hazard that could cause  engine shutdown in a short 
period of time. The removal or  retraction of the inlet  screen i s  recom- 
mended t o  increase  the engine icing  tolerance and permit easier  icing 
protection. In addition,  an.increase in  the  s ize  and the spacbg of the 
in le t  guide vanes would be  desirable. .The res t  of the  engine components 
such as the inlet l ips ,   the  duct  surfaces, the  iilaads, and the acces- 
sory housing may require  icing  protection. The performance losses 
associated  with  icing of these components do not constitute an immediate 
danger t o  engine  Bperation. The-loss in  perfomnce sued by  these 
ice  formtions may, however, result in a considerable  decrease i n  the 
range and the speed of the aircraft. A centr.ifugal-flow-type turbojet 
engine is relatively  unsusceptible t o  icing once the compressor screen 
has been removed. . . . . - . . . " " . .. . " "  

Surface  heating  with  hot QEZS involves the fabrication of ducts and 
passages  beneath the  surfaces t o  be. heated. .... ~iigh-t~eratLture materials 
and insulation add fabrication problems and small  weight penalties. 
With either compressor-outlet  or turbine-inlet  bleedoff,  heating of 
critical.elemerits, such as guide  vanes,  can usually  be accompliehed with 
sufficient  pressure and temgerature rema-jning a t  the  vane outlets t o  
supply protection for some of the secondary  elements, such as acces- 
sory housings and inlet ducta. During let-down conditions,  the  avail- 
able gas  pressure and temperature may be marg- for protection of 
the engine in severe  icing  conditions. d 

Difficulties encountered i n  the  fabrication of electrical  heating 
elements and the maintenance problems of an electrical  heating system 
appear t o  be  greater than r o r  a. hot:gas system. 

The hot-gas-bleedback system (for  heating inlet a i r )  can be  applied 
t o  current  engines  with minor modifications t o  the  engine installation. 
The high  temperatures and pressures  required  gay be obtained by the 
bleedback of turbine-inlet gas or by coqpressor-outlet air with reheat. 
A hot-gas-bleedback system that emplop combust.ion gases w i l l  pLUute 
the inlet air and affect  the  use of the  cmrpressor air for cabin pres- 
surization purposes. . . .  . . . . . . . . . . . - . .  .. L 

" 

" 

Icing  protection may be  obtained by  any of the previously described 
systems. All the systems penaxize the  a i rcraf t  in icing  conditions, 
either  by performance losses caused by w e i g h t  increases, or by thrust 
losses and increased  speciflc fuel consumption; in nonicing  conditions, 
however, the performance losses are. negligible.  Surface  heating, by 
ei ther   e lectr ical  mean6 or hot gas, appegrs . t o  be the. most acceptable 
in relation t o  performance losses in  icing conditions. The choice of 
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any particular system is dependent on the supply of heated gas  and 
8 electrical  parer  available and on the allowable perf6rmance and 

3 weight penalties . 
2 
2 

I S  

L e w i s  Flight Propulsion Laboratory, 

Cleveknd, Ohio. 
National Advisory Committee fo r  Aeronautics, 
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A P P E N D I X - S Y M B O L S  
* 

The f ollowlng Symbol6 are  used in this report: 

specific heat of air, Btu/(lb)(*) 

specific.  heat . . . .  of gas, . . .. Btu/(lb) ." (?F) 

specific  heat of water, Btu/(lb) (9) 

latent heat of vaporization of water, Btu/lb 

liquid-water  content, lb water/lb air 

total pressure,  lb/sq f t  absolute 

dynamic pressure,  lb/sq f t  absolute 

t o t a l  temperature,. OR 

plenum-chamber gas  tengerature, ?F 

free-stram total. temperature, 9. 

. . . . . . . . . . . . . . . . . 

. .  

32-(To-ht) 
tPmperat=e difference, mixing efficiency> OF 

lass in temperature  recovery, 12.5 X V2, ?F 

datum temperature, OF 

mean gas temperature in vane, OF 

maxim~m velocity  in  duct,  ft/sec 

mass flow through  engine, lb/sec 

hot-gas flow through orifices,  lb/sec 

saturated vapor content, l b  water/lb dry air 

hot gas flow through vanes 7 lb/hr 

bleedback r a t io  3 ' wa 

X 
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- 
i iced ' : 

. 

c 

scr  station ahead of compressor-inlet  screen 

u uniced 

0 free stream 

1 s t a t i o n   i n  inlet 

2 s t a t ion   a t  compressor W e t  (ahead of guide vanes) 

3 stat ion  just  behind inlet guide vanes 
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, ” Inlet  lip . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ....................... ............................... ............... .....................-.-....... ....................”.....”.” ..................................... 
Limiting 
droplet 

....................................._._.. . ..:: :...-.-:...-.-.-...-.~.~.-:.~:.-~-:.~.~.-:....:::.. ...~...~......-.~~..~-~-...~..:.-..: ..: :::.-.-...* ..................--..-.......-. - . , . . . . . 

”” 

Inlet-lip  air  stagnation  streamline 

Center  line 

-1 . . . . . . . . . .. . . . . . 

.................................... ........................................... .......................................... ......................................... ..... ................................... ....................................... ...................................... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . * . . ................................ ............................. .......................... ....................... . . . . . . . . . . . . . ................... ...... 

’ ( a )  Inlet-air-velocity ratio  less  than 1.0. 

Inlet-lip  air 
stagnation  streamline I n l e t  lip7 

““- 

Limiting  droplet 
trajectory 

Center  line - c - 

(b) Inlet-air-velocity ratio  greater  than 1.0. 

Figure 7. - Sketch  illustrating  effect of inlet- 
air-velocity  ratio  on  scooping of cloud  droplets 
into inlet. 
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l?lgU?X 9. - I- formati- OIL axial-flm-tgpe  tmbojet-engine  inlet at rate& engine speed; 
fl ight speed, 165 to 180 miles per hour; ambient-air  temperature, 25O F; liquid-water 
oontent, 0.4 to  0.6 gram per cubic neter; mean drop diameter, 11 t o  16 miorone; icing 
the , 22 minutes; thrust loss, 18 percent. 
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0 
Icing time, min 

Figure 10. - Pressure  losses  associated  with  axial- 
flow-type  compressor-inlet-screen and component 
icing as a function of icing time. Initial  air 
velocity ahead of.screen, 375 feet per second; 
liquid-water content, 0.6 gram per cubic meter. 
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m 
m 
rl 
0 

* 

.6  1 \ I I 

Inlet-air  Inlet-air 
velocity total 

265 410 (OF) 
.4 : 0 @ 22 

b 0 

(ft/sec) temperaturk 

(a)  Liquid-water  content, 0.4 gram per 
cubic  meter. 

. . .  . ". 

E 
00 

0 4 0 12 16 
Icing time, min 

(b) Liquid-water  cont-ent, 0.9 gram  per 
cubic  meter. 

Figure 11. - Pressure.loss  acrose  cascade 
of unheated  guide  vanes.  as  function of 
icing time. 
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- (a) Glaze-Ice formati-; inlet-air total temperature, 22O F; icing  time, 3 2  1 minutes. 

I 
~ 

C- 25798 

(b) Rime-ice  formatlone;  inlet-air total temperature, 00 F; icing tlmE, 7 minutes. 

Figure 12. - Typical rime and glaze icing on an inlet-guide-vane cascade; inlet-air 
velocity, 265 feet per second;  liquid-water  content, 0.9 gram per cubic meter. 
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a 

1.2 

.% 

.4 

0 
Icing time, min 

Figure 13. - Time  history  of  flight 
data  obtained w i t h  axial-flow-type 
engine in icing condition at '92 
percent  of  rated  engine  speed. 
Indicated  flight speed, 173 to 
185 miles  per hour;  ambient-air 
temperature, 17O to 22O F; mean 
drop  diameter, 12 to 14 microns; 
pressure  altitude, 4600 to 5900 
feet. 
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Figure 14. - Ice formatian on arial-flow-type  turbojet-engine  inlet aUrFng flight at 92 
peroent af rated engine speed. Indicated'  flight epeed, 173 to 185 miles per hour; 
ambient-air  temperature, 17O to 22O F; Uquid-water content, 0.4 to 0.9 gram per oubic 
meter; effective  icing the, 33 minutes;  thrust loss, 26 peroent. 





Decrease in engine a i r  flow, percent 

Figure 15. - Perf.ormanze changes a8 f’unction of  decrease i n  air flow 
for  axial-flow-type  turbojet   engine i n  ic ing  condi t ions.  

59 
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Icing time, min 

Figure 16. -.Typical  performance 
losses associated .with a 
centrif'ugal-flow-type turbojet 
engine in icing  conditions. 
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(a) 1 minute before  sheddbg of ice furmatiow. 

(b) 1 mlnute after shedding of ice  formations. 

Figwe 17; - Illustratim of magnitude of ice fanaatians that may shed frm ccPnponents 
and pass in to  turbojet engine. - 
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Figure 18. - lnstalLBtian of inlet-guide-vane cascade in icing research tunnel. 
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v Thermocouple locat ion 
o Thermocouple leads 

(a )  Vane 1: fully hollow. 

Dead-air  space 

(b) Vane 2: i n t e r n a l  f i n  and i n s e r t .  

I n s e r t 7  

(c) Vane 3: In te rna l   insu la t ing  insert. 

Figure 19'. - Cross sect ions o f  gas-heated i n l e t  
guide vanes showing internal-passage  configurations 
and thermocouple  locations. 
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0 
E4 

Surface  distance  from  leading edge, in. 

Figure 20. - Chordwise  surface-temperature rise in dry 
air for  three gas-heated-vane  configurations.  Air 
velocity  ahead of vanes, 437 feet  per second; gas 
flow, 120 pounds per hour; mean gas-temperature 
differential  above  datum  temperature, 195O F. 



67 

,000 

000 

000 

000 

- 0  
-40 -20 

D a t u m  temperature, OF 

Figure 21. - Heating  required t o  prevent 
ic ing  a t  midspan of three vane 
configurations.  Liquid-water  content, 
0.9 gram per cubic meter; assumed gas 
flow per  unit   . internal  passage.  area,  
60,000 pounds per h o w  per  square foot. 



68 NACA RM E51B12 

3 

k 
k 

a 
a, 
k 
d 

0' 
3 
Q1 
k 

F: 
d 
k 
0 

Figure 22. - Percentage o.f i n l e t  air flow 
required f o r  gas heatlng an inlet-guide- 
vane stage for  ice  prevention as a function 
of inlet-gas  temperature. . Air veloci ty  
ahead of vanes, 410 f e e t  per second; l iquid- 
water content; 0.9 gram per  cubic meter. 
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Heater c i r c u i t  

0.156" 0.25"  0.25"  0.25" 
1 2 3 4 

Thermo- 
couples 14 

\ 
Sect ion A-A 

2.37" 4 

l . 1 . I . f . l  

0 .5 1.0 
Scale  

I 

Figure 23. - Construction details of  e l e c t r i c a l l y  heated I n l e t  
guide  vane  showing location of h e a t e r   c i r c u i t s  and surface 
thermocouples. 
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k (a)  Datum  temperature, -28' F; liquid-water  content, 
5 

5 
v1 

approximately 0.3 gram  per  cubic  meter;  average  power 
density, 13.7 watts  per  square  inch. 

Convex Coscave 
Surface  distance from leading  edge, -In. 

(b) Datum  temperature; 17O F; liquid-water.  content, 
approximately 0.8 gram  per  cubic  meter.;  average power 
density, 3.9 watts per square inch. 

Figure 24. - Surface-temperature .distrlbut.ion along vane 
surfaces.with continuous  electrical  heating.  Inlet;-air 
velocity, 400 feet per  second. 
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16 
“I 
E: 

0 -20 -10 0 10 1 

Datum  temperature, OF 

* Figure 25. - M i n i m u m  power  requirements  for 
i c e  prevention  with  continuous  heating of 
inlet  guide  vanes as f’unction of datum 
temperature.  Liquid-water  content, 0.30 
to 0.85 gram per cubic meter. 

0 
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._ ,a) Heat-off p e i o d ,  6D seconds. 

I I I 
0 10 20 3 0 4 0  50 

(b) . Heat-off period, 120 seconds. 

Figure 26. - Typical  mrface-temperature-rise curves at gulde-vane leading 
and tralling edges with  cyclical  electrical heating fop various heat-on 
perio3s as function of time. Inlet-air  velocity, approximately 392 feet  
Rer second; ambient-air  temperature,, -11' P; liquid-water  content, 
EpproxLmately 0 . 6  grm per cubic meter. 

t !  

. . . . . . . 
. .  , , ,  , 

. '  , 
Slit2 

. .  

I 



c 

73 

Figure 27. - Variation of average  instantaneous power 
density  required f o r  i c e  removal with cyc l i ca l  
e lec t r ica l   de- ic ing  of i n l e t  guide vanes as f’unction 
of datum temperature.  Liquid-water  content, 0.3 t o  
0.8 gram per  cubic  meter;  heat-off  periods, 60 t o  
120 seconds. . 
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rA 

(in r o t o r )  

Section A-A 

Figure 28. - Schematic  diagram of eddy-current h e a t i n g  
for inlet guide vanes.  . 

'First 
r o t o r  
B tage 
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Figure 29. - Sketch of Img, 8traigzr(; m e t  uadl for fmeetigation of hot-gas bleedback. Instrumentation 
shovn is  typical of a l l  inlets iwestigated.  
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Figure 30. - Bleedback required for ice prevention as a 
function of injection gas temperature for free-stream total 
temperature of 0' -F. 
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Figure 31. - Sketch showing optimum o r i f i c e  configuration 
with calculated j e t  outlines. Duct diameter, 12.375 
inches. 
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Bleedback,  percent 

Figure 32. - Pressure  recovery as function of 
ble-edback f o r  .injection -gas tenperature of 1000° F 
and a free-stream  total  temperature of 0' F. 
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-5 0 
Wee-stream s t a t i c  temperature, OF 

Figure 33. - Thrust loss with hot-gaa bleedback t o  In le t  sir as function 
o f  free-stream s t a t i c  temperature. F l igh t  Mach numberr 0:s; llquld- 
water  content,  1.0 gram per  cubic meter; pressure alt i tude,  10,000 
feet .  
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Figure 34. - Sketch of internal inertia-separation  Inlet showing principal  components. 
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(a) view of vent  inlet before icing. 
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. 
(b) Ice accreticms rn vent  inlet a f t e r  & - m e  icing time. Tunnel air velocity, 235 
feet per second; tunnel-air total temperature, 2l0 F; liquid-water content, 1.1 grame 
per cubic meter. 

FiguSe 36. - Icing chmacterletics of a suhrga-inlet  type fuel vent. 
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